Breeding and recruitment patterns were described and analyzed in a population of Palaemon gravieri inhabiting warm-temperate waters of southern Korea. Breeding period was seasonal, beginning in March, peaking (89% ovigerous females) in May, and then ending by August. Females with embryos near hatching had ovaries filled with vitellogenic oocytes ready for new spawning, indicating successive spawning. Laboratory observations on females incubating embryos confirmed that they spawn again after incubated embryos hatch; the female then underwent a post-hatching molt and then never had further ovarian development and spawning, indicating that the female has just two broods per year. Breeding period was constrained by temperature, and release of larvae coincided with a plankton bloom in the sampling area. Females reached sexual maturity and produced a brood in their first year, overwintered, and produced a brood again the following summer. Reproductive output (effort) of the female was rather high. No significant relationship was found between female size and embryo size. Embryo volume was relatively small, indicative of small amount of energy allocation to each embryo. Embryo loss during incubation was not high. Recruitment of juveniles was closely linked to the breeding period, beginning in July and ending in September. Reproductive life history traits for P. gravieri seem to be closer to stochastic (bet-hedging) models in which adults live in stable environments but in which juvenile (¼ larval) mortality is variable.
Generalizations on latitudinal variation in annual patterns of reproduction and recruitment in nearshore, benthic marine invertebrates have been useful in suggesting the underlying environmental factors that might account for the pattern observed (Bauer, 1992a) . According to Orton (1920) , marine benthic invertebrates in tropical waters maintain spawning because relatively stable and high temperature would serve to maintain breeding activity. Thus, breeding period is extended and year round. In general, breeding seasons are more restricted as latitude increases (Bauer, 1989) . Therefore, breeding periods of marine benthic invertebrates are limited to spring and summer in temperate regions, and summer in polar regions. Thorson (1950) has supported that idea and also proposed that temperature is the proximate factor acting on the breeding patterns of marine benthic invertebrates. He also suggested that an ultimate factor controlling breeding pattern was larval food supplied by seasonal phytoplankton blooms in spring. Bauer (1992a,b; Bauer and Lin, 1994) tested and reviewed breeding with recruitment patterns utilizing environmental stimuli (proximate factors) such as temperature and selective pressures such as seasonality of larval food supply (ultimate factors). According to Bauer (1992a) , breeding periods of caridean shrimps inhabiting temperate waters will be shorter than those inhabiting subtropical and tropical regions. In temperate waters, the duration of phytoplankton blooms for larval food is constrained due to short time period of optimum high temperature for phytoplankton bloom (Thorson, 1950) .
Reproductive output is usually defined as the fraction of the total energy budget diverted to reproduction (Tinkle and Hadley, 1975; Clarke, 1987) . Reproductive output is known to be affected by several factors such as temperature, age (size), egg size, and mortality (Sastry, 1983) . In temperate waters, reproductive period of caridean shrimp is hypothesized to be restricted because of limited periods of high temperature for breeding and food availability for larvae (Thorson, 1950; Bauer, 1992a) . Thus, the species inhabiting temperate waters may have less chance of multiple broods during breeding periods than those inhabiting tropical waters and more chance of multi-broodings than those inhabiting polar waters.
Reproductive output in caridean species has been examined in varying detail. Several studies demonstrated a strong correlation between reproductive output and body size (Bauer, 1991; Clarke et al., 1991) , which indicates body size of females can influence and constrain reproductive output of the species. In order to comprehend the relationship between reproductive output and body size, the allometric regression equation model has been broadly utilized (Gould, 1966; Hines, 1982; Hartnoll, 1985; Bauer, 1991) .
The embryo size of aquatic invertebrates varies widely between even quite closely related species (Thorson, 1950; Mauchline, 1988; McEdward, 1991; Clarke, 1993) . Generally, embryo size is known to be large in polar regions or in mesopelagic, bathypelagic, deep-sea benthic, terrestrial, and freshwater environments (Mauchline and Fisher, 1969; Omori, 1974; Marshall, 1979) . Embryo size and larval development are linked because planktotrophic larvae tend to hatch from small embryos in shallow warm-temperate waters, whereas a direct development or production of lecithotrophic larvae requires a large embryo in deep sea and polar waters (Clarke et al., 1991) . Meanwhile, embryo loss during incubation in caridean shrimps commonly occurs in nature, which obviously is one of the factors that affects reproductive output. Embryo loss has been widely reported in Crustacea (Kuris, 1991) . The causes of embryo loss and mortality have been recorded as mechanical stress, parasites, and occasionally increase of embryo volume during incubation (Balasundaram and Pandian, 1982; Kuris, 1991; Oh and Hartnoll, 1999) .
Palaemon gravieri Yu, 1930, inhabits the warm-temperate and coastal area (20-30-m depth) in southern Korean waters (Kim, 1977) . Therefore, according to the hypotheses discussed above, reproductive and recruitment pattern of P. gravieri should be seasonal, coinciding with optimal high temperature and sufficient food supply for planktonic larvae, and reproductive output should be high and semelparous.
The main objective of this study was to test those hypotheses with observations on reproduction and recruitment pattern in P. gravieri from Korean waters.
MATERIALS AND METHODS
Palaemon gravieri was collected monthly by otter trawl of 1-cm mesh size, with 20-min tows (2 knots/h) from January to December 1998 near the coastal region of Namhae in depths between 25-30 m, Korea (348499N, 1278489E). Sampling was carried out at neap tide, during which water currents were favorable to trawling. All samples, including ovigerous females collected, were divided by 1/4-1/8 aliquots and fixed with 10% neutral Formalin on the ship and then stored in 70% alcohol solution in plastic containers. During sampling, water temperature and salinity (surface and bottom) were taken.
Sex was determined by the presence (males) or absence (females) of an appendix masculina on the second pleopod. Females with developing gonads and ovigerous females were sorted out to measure ovarian and embryonic development. Ovarian development was divided into three stages on the following morphological criteria: stage 1, immature-ovary thin and translucent; stage 2, intermediate-green ovary filling one-half of the cephalothorax volume; stage 3, mature-ovary filling almost all of the cephalothorax, prespawning stage. The gonad somatic index was calculated with the equation: GSI ¼ (gonad weight/total body weight) 3 100 (Oh and Hartnoll, 1999) .
Embryo developmental stages were categorized on the basis of the study by Omori and Chida (1988) : stage 1, from fertilization to the advent of blastodisc; stage 2, from the end of stage 1 to the advent of maxilliped rudiment (the end of embryonic nauplius stage); stage 3, from the end of stage 2 to the pigmentation of compound eyes; stage 4, from the end of stage 3 to the reaching of the tip of telson to the dorsofrontal margin of the compound eyes; stage 5, subsequent to the end of stage 4. Females surviving field collection were individually and collectively maintained at 22-258C in the isolated aquarium (70 3 50 3 40 cm) and plastic containers (25 3 17 3 12 cm ) with sufficient aeration in the laboratory to observe brood production. The water in the aquarium and in the plastic containers was filtered, recirculated and daily exchanged respectively. Ovary dry weights were determined by weighing to nearest 0.0001 g using an electronic digital balance after drying at 608 for 48 h. Carapace length of the shrimps were measured from the posterior rim of the eye socket to the posterior lateral edge of the carapace. Fecundity was expressed by the equation of log-transformed number of eggs on carapace length at noneyed embryos of ovigerous females. Embryos were subsampled before drying to calculate embryo volume. These were measured along the major and minor axes using stereomicroscope by the formula: 4/3pr 1 r 2 2 , where r 1 is half the major axis and r 2 is half the minor axis. In order to estimate embryo loss during incubation, comparison of regression lines of log-transformed fecundity on log-transformed carapace length between the early and late embryo stages (Kuris, 1991; Corey and Reid, 1991) was made. Embryo loss was estimated by the equation: 100 [1-exp(a l -a e )] (Oh and Hartnoll, 1999) Where a l is the intercept in the later egg stage and a e is the intercept in the earlier stage. Juveniles 6-mm carapace length are defined as percentage in order to analyze recruitment from monthly size-frequency distributions. Linear regressions of log-transformed data were determined for number of eggs on carapace length and ovary dry weight on carapace length. The comparison between two log-transformed regression lines was carried out using analysis of covariance (ANCOVA) (Zar, 1996) . The difference between embryo stages in length were tested using analysis of variance (ANOVA) (Zar, 1996) .
RESULTS

Environmental Factors
Water temperature and salinity in the sampling site fluctuated with seasons ( Fig. 1 ). The ranges of surface water and bottom water temperatures were 6.0-24.58C and 8.0-24.98C, respectively. Surface and bottom water temperatures were highest in July and lowest in January. The variations of surface and bottom water temperatures were similar. The extremes of surface water and bottom water salinities were 13.9-35.5& and 24.4-34.9&, respectively. Surface water salinity was highest in February and lowest in June due to seasonal precipitation. The fluctuation of surface salinity was similar to that of bottom salinity, except for a drastic drop of surface salinity in July 1998 because of rainfall.
GSI and Ovarian Development
Monthly changes in Gonad Somatic Index (GSI) and ovarian maturation were closely related. Ovarian maturation began in December. The lower GSI values were found from September to November ( Fig. 2A) . The mean value of GSI increased to 12.32 (66.46) in March, but it decreased to 7.07 (63.92), then increased to 17.41 (66.52) again because of another ovulation in May. The reason for decrease of GSI value in April was that females with fully mature ovaries spawned at that time.
Occurrence of immature ovarian development was high from September to November, which coincides with the low value of GSI (Fig.  2B) . Occurrence of intermediate stages of the ovary started to appear in December and slowly declined from January to July. Mature ovaries first appeared in January and continued, but fluctuated, until August. In April, the occurrence of mature ovaries apparently declined due to the first spawning.
Spawning Frequency One-year-old ovigerous females appeared to spawn twice from March to July. In order to obtain substantial evidence of the spawning frequency, logarithmic regression equations were used to compare the relationship of ovary weight on carapace length between embryo developmental stage 1 and stage 5 (P , 0.05) (Fig. 3) . Slopes between regressions were not significantly different, but intercepts between regressions were significantly different. This indicates that individual females spawn twice from March to July. Laboratory observations also revealed that females carrying embryos near hatching also had ovaries filled with large vitellogenic oocytes. After embryos hatched, the female molted within a day or two. Spawning of a new brood of embryos then took place after molting. Females underwent an oviposition molt and a hatching molt for the spawns. Ovipositions of embryos took place continuously twice at short intervals from March to July. This suggests that as embryo development proceeds, new ovary development also proceeds.
Monthly Changes in Proportion of
Ovigerous Females Ovigerous females of P. gravieri first appeared in late March (Fig. 4A) . Their occurrence increased steadily, reached a maximum in May (89%), and then declined with the onset of hatching. The main brooding period (over 50 percent of ovigerous females) was (Fig.  4B) . In June, the ovigerous females had embryos of all developmental stages, suggesting that embryos spawned in March hatched into larvae, and new embryos were spawned.
After the planktonic stage of larval development, some recruited (yearling individuals) in late summer, reached sexual maturity, and spawned embryos at the end of the brooding period in July with the parental generation of the previous year (Fig. 5) .
Reproductive Output
Most studies on reproductive output use allometric regression equations that relate reproductive output to body size. The smallest female of P. gravieri had 306 eggs, and the largest had 6160 eggs, suggesting that larger females produce more eggs. The equation between log-transformed carapace length and log-transformed number of embryos (non-eyed embryos) showed a positive relationship, with statistically significant regression. The slope of the equation was close to 3.0 (60.36, 95% confidence interval); which implies that the relationship between the two variables is isometric (P , 0.05) (Fig. 6A ). This means that as carapace length of a female increases, the number of embryos increases isometrically.
The result of regression analysis between embryo size and carapace length indicated no significant relationship between the two variables (P . 0.05) (Fig. 6B) .
Embryo Volume
The mean embryo volume increased as embryo development proceeded from stage 1 to stage 5 (Fig. 7) . The first and second stage increase of embryo volume was small, but embryo volume started to increase greatly as the eyes of embryos (stage 3) appeared. The percentage of the increment in embryo volume was 161% from embryo developmental stage 1 to stage 5. The result of ANOVA showed mean embryo size and volume was significantly different between the embryo developmental stages (P , 0.001).
Embryo Loss and Recruitment
Embryo loss was calculated by applying slope and intercept of regression lines for embryo developmental stage 1 and stage 5 to the equation below, with the two regressions lines representing the relationship between carapace length and the number of embryos (P , 0.05). No significant difference in slopes of the two regression lines was found, but there was a significant difference in the intercepts. This suggests that embryo loss occurred as embryos developed. Embryo loss from stage 1 to stage 5 was calculated through the equation, 100 [1 À exp(a l À a e )] and was estimated to be 17.7% (Fig. 8) .
Recruitment was seasonal, only in summer (Fig. 9) . The percentage of recruitment shows that fishery recruitment of individuals 6-mm CL began in July (1.0%, 6-mm CL), intensified in August (2.24%, 5-mm CL; 10.45%, 6-mm CL), and then completed in September. 
DISCUSSION
Breeding Period Females of P. gravieri with mature ovaries indicative of imminent spawning were found from January through August with ovulation occurring in spring of the sampling period. Thus, the pattern of ovulation and oviposition in P. gravieri shows that reproduction is seasonal. Individual females, upon reaching sexual maturity, displayed successive and subsequent cycles of ovarian and embryonic development. Females carrying embryos in the first brood ready to hatch also had a mature ovary with yolk-filled oocytes. Laboratory rearing experiments proved that after hatching the females do parturial molting and produce a new brood of eggs. This pattern is common in other Palaemon species (Guerao et al., 1994; Guerao and Ribera, 1995) .
Several studies on caridean shrimp reproduction indicated that fluctuation in water temperature is a crucial proximate factor operating on spawning (Kikuchi, 1962; Allen, 1966; Bauer, 1992a) . In this study, the incidence of females with mature ovaries was positively correlated with water temperature increase. This result suggests that because water temperature is the proximate factor stimulating ovarian maturation, a temperature increase may act to promote ovarian development and successive embryo development. An implication from our study is that a rise in temperature up to a certain extent in spring will accelerate ovarian maturity and embryo development, although there are some exceptions for several species such as Spirontocaris species, Pontophilus spinosus (Leach, 1815), and Caridion gordoni (Bate, 1858) (Allen, 1966) . Those species spawn in winter (November or December) and hatch in spring when phytoplankton blooms occur. Thus, the hypothesis proposed by Orton (1920) , Thorson (1950) , and Bauer (1992a) that water temperature is a proximate and restrictive factor inducing seasonality of breeding period can be validated for Palaemon gravieri inhabiting warm-temperate waters. Orton (1920) noted that salinity variation was found to be less effective on breeding period of Fig. 6 . Relationship between log carapace length (mm) and log number of embryos (A), and relationship between log carapace length (mm), and log embryo size (B) in P. gravieri. marine benthic invertebrates than temperature. In this study, there was not noticible fluctuation of salinity in the sampling area, except low salinity in the surface water in July because of summer precipitation. Salinity thus seems to have little effect on breeding patterns of Palaemon gravieri.
Reproductive pattern appears not to be determined only by a proximate factor such as temperature per se. Ultimate factor such as food availability is also highly related to reproductive patterns. The hypothesis that food availability for larvae is a main ultimate factor selecting for seasonality in reproduction has been addressed by a variety of studies and reviews (Thorson, 1950; Giese and Pearse, 1974; Sastry, 1983; Bauer, 1989 Bauer, , 1992a . In the study area for P. gravieri, phytoplankton blooms occur in spring, particularly in April and June (Moon, 1990) . Therefore, in this study coincidence between breeding period and plankton blooms occurred; hence, it suggests that seasonality of larval food supply may be an important selective pressure that has acted in the temporal pattern of breeding for P. gravieri in warm-temperate waters. This result was consistent with the fact that synchronization of breeding to coincide with food abundance is most obvious evidence for the species having planktotrophic larvae, particularly those occurring at higher latitudes (Thorson 1950; Giese and Pearse, 1974; Sastry, 1983) .
Spawning Frequency
For P. gravieri inhabiting warm-temperate waters, breeding period is restricted and seasonal. Thus, the potential number of broods that a female is capable of allocating is limited. An individual female may have three or four broods during a life span; one-year-old female P. gravieri seems to have broods at least twice during a single breeding period. The difference of regression intercepts between log ovary weight and log carapace length of females with embryos of stage 1 and stage 5 in development indicates that females with embryos of stage 5 have mature ovaries and spawn one more time. Laboratory observation also revealed successive and subsequent spawning. This is also a consistent phenomenon in the reproduction of Palaemon xiphias (Risso, 1816) inhabiting warm-temperate waters (Guerao et al., 1994) .
Many studies on Palaemon species suggest that there are yearling (new recruits with brood) and overwintering individuals (one-year-old females with brood) (Sanz, 1986; Omori and Chida, 1988; Ito et al., 1991; Guerao et al., 1994; Guerao and Ribera, 1995) . In P. xiphias (Guerao et al., 1994) and P. serrifer (Stimpson, 1860) (Ito et al., 1991) , most offsprings are produced by the overwintering individuals. Some recruits that reach sexual maturity earlier will spawn a brood coincidently with a brood of the previous generation. However, in contrast it has been reported that in P. macrodactylus (Rathbun, 1902) , reproductive effort of the yearling is considerably larger than that of older females (Omori and Chida, 1988) . The reason why recruited females of P. adspersus reproduce or postpone reproduction until the following year was not fully discussed (Guerao and Ribera, 1995) . It is commonly known that females undergoing reproduction stop growing during incubation period. Consequently, they grow slowly and reach smaller size than females not undergoing reproduction. The tradeoff between growth and reproduction is a common phenomenon in crustaceans (Hartnoll, 1985) . Berglund and Rosenqvist (1986) noted two types of cost associated with reproductive effort in P. adspersus, growth and increased vulnerability to predation. Thus, if there are yearling individuals in the population, those individuals might grow slowly and then retain a small-sized brood in the breeding period of the following year. Therefore, these costs interact with the benefits associated with early reproduction. In part for yearling individuals, the balance of cost and benefits may favor early reproduction.
Reproductive Output and Fecundity
A relationship between brood size and female size (carapace length) relationship often reveals possible selective forces or constraints acting on reproductive ouput in the species (Reaka, 1979; Hines, 1982; Bauer, 1991) . Thus, allometric relationship can best be examined by linear regressions between brood size and female size. In Palaemon gravieri, the number of embryos ranged broadly compared to other palaemonid shrimps (Corey and Reid, 1991) . The regression between brood size and female size indicated an isometric relationship, i.e., slope of the regression was near the theoretical slope value of 3 suggested by Jensen (1958) and Gould (1966) , implying brood size was a simple volumetric function of female size. The tendency for such an isometric relationship is a general pattern among decapod species, although there are some exceptions (Hines, 1982; Bauer, 1991; Corey and Reid, 1991) . The difference in the maximum reproductive output among crustacean species seems to be primarily a result of the differences in female body size; however, other biotic or abiotic factors such as egg size, latitudinal, and seasonal variation (Boddeke, 1982) , and habitat adaptation (Mantelatto and Fransozo, 1997 ) also may influence reproductive output. Clarke et al., (1991) has noted that reproductive output in Pandalus borealis Krøyer, 1838, varied from site to site but was not correlated with either latitude or embryo size. Reproductive output constrained by female carapace length would result in determination of embryo size. In P. gravieri, there was no significant relationship between embryo size and female carapace length, which is a general tendency among crustacean species. For caridean shrimps, no correlation has been found between embryo size and female size among 13 species of caridean shrimps from the White and Barents Seas (Ivanova and Vassilenko, 1987) . A positive relationship between embryo size and female size has been reported for the isopod Ligia oceanica (see Willows, 1987) and also occurs in polar carideans (Clarke et al., 1991) . Larger embryo size at higher latitudes is usually associated with a more advanced larval stage at hatching and also an increased development time (Strathmann, 1977; Clarke, 1982; Hines, 1986; Bauer, 1991) . Selection acts on egg size over evolutionary time scales through feeding conditions for the newly hatched young, whereas overall investment is dictated by feeding condition for the adult as her ovary matures (Clarke et al., 1985) . Embryo size is an important diverse life history characteristic of species. In particular, reproductive patterns and life history traits can be determined by the mode of energy allocation to either single embryos or brood output (Vance, 1973a, b; Christiansen and Fenchel, 1979; Clarke, 1993 (Corey, and Reid 1991) .
Embryo Loss and Recruitment
Embryo loss commonly occurs during incubation in crustaceans. Embryo mortality of crustaceans reduces reproductive output and subsequent recruitment Kuris (1991) . Embryo loss is generally caused by diverse biological and physical factors: parasites, mechanical stress, and increase of egg volume as embryo development progresses (Balasundaram and Pandian, 1982; Kuris, 1991; Oh and Hartnoll, 1999) . Compared to other caridean shrimps (Oh and Hartnoll, 1999) , embryo loss of P. gravieri was not high. Biological cause of embryo loss, such as parasites, was not detected in P. gravieri and also appears not to occur often in caridean shrimps (Reeve, 1969; Balasundaram and Pandian, 1982; Ohtomi, 1997) ; however, mechanical stress from trawl sampling and weakness of embryo cohesion as embryonic development proceeds appear to be major causes of embryo loss in P. gravieri. Although sampling was biased toward juveniles that were caught by commercial trawls, recruitment of young of the year was seasonal. This pattern of recruitment is common among congeneric species and consistent with other species investigated (Guerao et al., 1994; Guerao and Ribera, 1995) . In this study, recruitment pattern was highly related to spawning. However, recruitment appears to be almost once in the summer period even if there were two spawnings. It is assumed that the larvae hatched earlier (after first spawning) grow slowly, but the larvae hatched later (after second spawning) appear when temperatures are higher. Thus, the recruitment period of two different larval cohorts converged and overlapped into one season during summer.
